Dimethylhydrazine (DMH) is a potent procarcinogen with selectivity for the colon. To determine whether alterations in the lipid composition and fluidity of rat colonic brush border membranes existed before the development of DMH-induced colon cancer, rats were injected s.c. with this agent (20 mg/kg body weight per wk) or diluent for 5, 10, and 15 wk. Animals were killed at these time periods and brush border membranes were prepared from proximal and distal colonocytes of each group. The "static" and "dynamic" components of fluidity of each membrane were then assessed, by steady-state fluorescence polarization techniques using limiting hindered fluorescence anisotropy and order parameter values of the fluorophore 1,6 diphenyl-1,3,5-hexatriene (DPH) and fluorescence anisotropy values of DL-249-anthroyl) stearic acid and DL-12(9-anthroyl) stearic acid, respectively. Membrane lipids were extracted and analyzed by thin-layer chromatography and gas-liquid chromatography. Phospholipid methylation activity in these membranes was also measured using S-adenosyl-L-methionine as the methyl donor.
Introduction
Characteristics that serve to distinguish malignant from normal cells include their ability to proliferate independently of normal regulatory mechanisms, invade normal tissue, and metastasize (1) . Increasing evidence suggests that these characteristics may be modulated by the nucleus ofthe tumor cell and surface membranes (1).
(DMH),' has been extensively studied. DMH is a colonic procarcinogen that requires metabolic activation within the host to become active (4) . This agent in weekly doses of 20 mg/kg of body weight produces colonic carcinoma in virtually 100% of animals, with a latency period of -6 mo (5-7). DMH-induced tumors closely parallel human colon cancer with respect to clinical and pathologic features (4) . Furthermore, the vast majority of colonic neoplasms occur distally with this carcinogen, paralleling the distribution ofhuman tumors (4, 8) . Using this model of experimental colon cancer, several investigators have reported biochemical changes in rat colonic tissue prior to the development ofovert tumors (4, 9, 10) . To date, however, similar studies have not been performed in plasma membranes of rat colonocytes. Our laboratory has recently devised techniques for the isolation of brush border (11) and basolateral (12, 13) plasma membranes from rat proximal and distal colonocytes. Regional differences have been noted in the lipid fluidity2 and lipid composition of these colonic antipodal plasma membranes (12, 13) .
Considerable attention has been focused on membrane lipid fluidity and its relationship to the malignant transformation process. Several laboratories have reported alterations in the fluidity ofcancer cells (15) (16) (17) . The present studies were, therefore, undertaken to examine whether changes in the "static and dynamic components of fluidity" and lipid composition exist in brush border membranes prepared from colonocytes ofanimals treated with DMH for 5, 10, and 15 wk, i.e., before the development of colonic cancer. In view of the regional differences previously noted in these parameters as well as the predilection for the development ofdistal tumors with DMH, both proximal and distal plasma membranes were examined in these studies. The data from these experiments demonstrate that "premalignant" alterations in the dynamic component of fluidity and lipid composition of distal brush border membranes can be detected and serve as the basis for the present report.
Methods
Isolation ofproximal and distal colonic epithelial cell brush border membranes. Male albino rats of the Sherman strain weighing 75-100 g were given weekly s.c. injections of diluent or 1,2 dimethylhydrazine dihydrochloride (Sigma Chemical Co., St. Louis, MO) at a dose of 20 mg/ kg body weight for 5, 10, and 15 wk. The stock solution for injections consisted of 400 mg of DMH dissolved in 100 ml of water containing 37 mg EDTA and was adjusted to pH 6.5 with sodium hydroxide (18) . The animals were maintained on a pelleted diet (Camm Maintenance Rodent Diet, Camm Research Institute, Inc., Wayne, NJ) with water and food ad libitum. At 5-wk intervals, control and DMH-treated animals were fasted for 18 h with water ad libitum before sacrifice. For each control or DMH-treated preparation, six animals were killed rapidly by cervical dislocation and their colons were excised. The cecum from each animal was discarded, and the remaining large intestine divided into two parts: proximal and distal (19) . Epithelial cells, relatively devoid of goblet cells, were then obtained from each segment using a technique that combined chelation of divalent cations with mild mechanical dissociation as described (11) (12) (13) .
The cells from each segment were then pooled separately and used to isolate brush border membranes as previously described (11) . The purity ofeach membrane preparation was assessed by the marker enzymes total alkaline phosphatase (p-nitro-phenylphosphatase) and cysteinesensitive alkaline phosphatase (11); specific activity ratios [(purified membrane)/(original homogenates)] ranged from 16 to 20 for these enzymes (Table I) . The corresponding values for NADPH cytochrome c reductase, succinic dehydrogenase, and sodium, potassium-dependent adenosine triphosphatase, marker enzymes for microsomal, mitochondrial, and basolateral membranes, respectively, ranged from 0.50 to 1.50 in each of these membrane preparations (11) . Protein was estimated by the method of Lowry et al. (20) . Liposomes were prepared from the extracted lipids of each membrane as previously described (21) .
Fluorescence polarization studies. Three fluorophores were used: 1,6
diphenyl-1,3,5-hexatriene (DPH), DL-2-(9-anthroyl) stearic acid (2-AS),
and DL-12-(9-anthroyl) stearic acid (12-AS). All compounds were obtained from Aldrich Chemical Co. (Milwaukee, WI) or Molecular Probes Inc. (Junction City, OR). Steady-state fluorescence polarization studies were performed using a Perkin-Elmer 65040 spectrofluorometer (PerkinElmer Corp., Norwalk, CT) adapted for fluorescence polarization. The methods used to load the membranes and liposomes and the quantification of the polarization of fluorescence have been described (21) (22) (23) (24) (25) . In this regard, however, it should be noted that, as evaluated by steadystate fluorescence polarization of lipid fluorophores, "fluidity" has usually been assessed via the fluorescence anisotropy r, without further resolution of the components that determine r. Recent studies with the rodlike fluorophore DPH, however, have demonstrated that the rotations ofthis probe are hindered in both artificial and biological membranes (26) (27) (28) . Therefore, the fluorescence anisotropy of such a fluorophore is not adequately described by the Perrin equation but by a modified relationship (29, 30) (33) . Final molar ratios of probe/lipid ranged from 0.001 to 0.002 and the anisotropy differences noted in these studies could not be ascribed to differences in probe concentration in the preparations. Corrections for light scattering (suspensions minus probe) and for fluorescence in the ambient medium (quantified by pelleting the preparations after each estimation) were made routinely, and the combined corrections were <3% of the total fluorescence intensity observed for DPH-loaded preparations and <5% of that observed for anthroylstearate-loaded suspensions. No changes in the excited-state lifetimes, as assessed by total fluorescence intensity were demonstrated using each probe in each membrane or liposome preparations (19) (20) (21) (22) (23) (24) (25) .
Composition studies. Total lipids were extracted from the membranes by the method of Folch et al. (34) . Cholesterol and phospholipids were measured by the methods of Zlatkis et al. (35) and Ames and Dubin (36), respectively. The phospholipid composition ofthe extracts was further examined by thin-layer chromatography according to the procedure of Katz et al. (37) . Fatty acids of the total lipid extracts were derivatized as described by Gartner and Vahouny (38) . Fatty acid methyl esters were determined on a Hewlett-Packard 5790A gas-liquid chromatograph (Hewlett-Packard Co., Palo Alto, CA) equipped with a flame ionization detector and interfaced with a Hewlett-Packard 3390A integrator, using authentic fatty acid methyl esters to identify retention times (38) .
Assay methanol, and I ml of the chloroform phase was transferred to a scintillation vial. After the solvent was evaporated to dryness under a stream of nitrogen, 10 ml of ACS scintillation fluid (Amersham Corp., Arlington Heights, IL) was added and the radioactivity was measured in a Beckman LS 6800 liquid scintillation system (Beckman Instrument Corp., Palo Alto, CA).
To identify the products of phospholipid methylation, the chloroform phase was evaporated to dryness under nitrogen gas at 250C and the residue dissolved in 100 AI of chloroform. The sample was applied on a silica Gel G plate and the chromatogram developed in chloroform/propionic acid/n-propyl alcohol/water (2:2:3: 1, vol/vol) at 230C in ascending mode. The phospholipid standards were chromatographed simultaneously and their positions visualized by exposure to iodine vapors. The areas corresponding to the standard phospholipids (phosphatidylethanolamine, phosphatidyl-N-monomethylethanolamine, phosphatidyldimethylethanolamine, and phosphatidylcholine) were scraped separately and extracted with chloroform/methanol (2: 1, vol/vol), and radioactivity was quantified as described above. The chemical identity of the methylated products was further established by two-dimensional chromatography (41) and by hydrolysis of the phospholipids and identification of their free bases as described by Schneider and Vance (42) . Additionally, both labeled and unlabeled Sadenosyl-L-methionine were routinely purified by ion-exchange before use (43) .
Histological studies. At 5, 10, and 15 wk 1-cm proximal and distal colonic segments from each control and DMH-treated animal killed were immediately fixed in 4% paraformaldehyde. Fixed specimens were then embedded in paraffin for light microscopic examination and stained with hematoxylin and eosin (18 .T
Other investigators have also reported that DMH administration can cause inflammation of the colon which may later subside (44) . In the present study, minimal inflammation was noted in the proximal and distal colonic segments, was equally distributed in these segments, and did not appear to differ in intensity after 5, 10, and 15 wk of treatment with DMH. It is, therefore, unlikely that inflammation per se was responsible for the biochemical alterations noted in the distal DMH-treated membranes (see below).
Fluorescence polarization studies. The static and dynamic components of lipid fluidity of brush border membranes and their liposomes prepared from proximal and distal colonocytes of control and DMH-treated rats at 5, 10, and 15 wk were assessed by steady-state fluorescence polarization techniques, utilizing rX and S values of DPH and r values of 2-AS and 12-AS, respectively. The results of these studies are summarized in Tables II and III. As can be seen from these tables, both components of lipid fluidity of proximal control and DMH-treated membranes and their liposomes were similar at each time point using the three fluorophores. Microvillus membranes prepared from control and DMH-treated enterocytes ofthe small intestine also had similar fluidity values at all time points using these probes (not shown). As shown in Table II (Fig. 2) Phospholipid methylation studies. Our laboratory has recently demonstrated that phospholipid methylation activity in rat colonic brush border membranes can increase the lipid fluidity of this membrane (46) . It was, therefore, of interest to examine phospholipid methylation activity in colonic brush border membranes of control and DMH-treated animals. As shown in Table IV , phospholipid methyltransferase specific activity was similar in proximal membranes prepared from both groups of animals at all three time points examined.
DMH-treated distal brush border membranes, however, possessed significantly higher activity than control membranes at 5, 10, and 15 wk (Table IV) . Evaluation ofthe kinetic parameters of the enzymatic activities in both distal membranes by double reciprocal plots (47) , revealed that the enzyme in DMHtreated membranes had higher maximal velocity (V.) values, but similar Km values at each time period (Table IV) .
It was conceivable that a separate methyltransferase with similar Km but different V.,. values was induced by DMH treatment in these distal membranes (4, 9, 19) . The enzyme present in DMH-treated membranes, however, was found to possess the same pH optimum (pH 8.0) as its control counterpart, and its activity was similarly influenced by 0.05% Triton X-100 (stimulated by 20%), 10 mM ATP (75% inhibition), and trypsin treatment (20% inhibition) as previously described for the distal colonic control methyltransferase (46) . Although these observations do not totally exclude the possibility that the methyltransferase present in DMH-treated membranes is a separate enzyme, they do suggest that this is unlikely. Further studies will be necessary, however, to clarify this issue. Lipid composition studies. Prior studies in model bilayers and natural membranes have correlated a high lipid fluidity with low molar ratios ofcholesterol/phospholipid and sphingomyelin/ lecithin (48) (49) (50) (51) . A low ratio of protein/lipid (wt/wt) (21) as well as less saturated or shorter fatty acyl chains in phospholipids (50, 52) , also has been associated with a higher membrane lipid fluidity. It was, therefore, of interest to examine these parameters in brush border membranes prepared from proximal and distal colonocytes of control and DMH-treated animals at 5, 10, and 15 wk. The results of these studies are summarized in Table V . At each time period, proximal control and DMH-treated membranes possessed similar values for all parameters evaluated. This was also the case for distal membranes at 5 wk. At 10 wk, however, both the sphingomyelin content (Table VI) and the sphingomyelin/lecithin molar ratio (Table V) sphingomyelin/lecithin molar ratio than control membranes. They also possessed a higher saturation index (Table V) . This was due to a decrease in arachidonic acid (20:4) in the DMHtreated membranes compared to controls (Table VII) .
Discussion
The experimental results demonstrate that alterations in the dynamic component of fluidity of brush border membranes and their liposomes could be detected in the preneoplastic colon of rats after the administration of the chemical carcinogen DMH. These changes were restricted to membranes and liposomes prepared from distal colonocytes and, furthermore, varied with duration of administration (5-15 wk) of this agent. Differences in the dynamic component of fluidity ofcontrol and DMH-treated distal membranes and their liposomes were seen at the earliest time period examined, i.e., after 5 wk of DMH. At this time, DMH-treated membranes and liposomes were found to be more fluid than their control counterparts. Analysis of compositional parameters previously shown to correlate with differences in membrane fluidity (21, 48-52, 53) , however, revealed that both membranes possessed similar values for each parameter. Because previous studies had demonstrated increases in a number of enzymatic activities in preneoplastic colonic tissue of DMH-treated animals (4, 9, 10), phospholipid methyltransferase activity was analyzed in both membranes. This latter enzyme was of particular interest because our laboratory had recently correlated increases in its activity with increases in rat colonic brush border membrane fluidity (46) . The activity of this enzyme was found to be significantly increased in distal DMH-treated membranes compared to distal control membranes. In both proximal membranes, however, methyltransferase activity was similar. Evaluation of kinetic parameters from double reciprocal plots (47) , moreover, demonstrated a higher Vmax for this enzyme in DMH-treated distal membranes than control membranes but similar Km values. It bears emphasis, however, that the number of enzyme units was not monitored in these studies. Hence, these alterations in the DMH-treated membranes could result from changes in the number ofenzyme units as well as from alterations in the function of each unit.
The relationship of this increased methyltransferase activity to the fluidity changes noted in the distal DMH-treated membranes remains unclear at this time. Although it is certainly possible that the increase in its activity might, at least partially, be responsible for the increased dynamic component of fluidity seen in the 5-wk distal DMH-membranes, based on prior observations in our laboratory (46) and others (54) , it was surprising that it did not influence the static component of fluidity as well. Additionally, the content of phosphatidylethanolamine and phosphatidylcholine was no different in distal DMH-treated and control membranes. Although speculative, another possibility to explain the present observations might be that the anthroyloxy probes sense a particular lipid microenvironment and that the increased methyltransferase activity selectively alters this microenvironment. If this were true, gross lipid composition or studies with DPH might show no change. Further studies will, however, be necessary before this issue is resolved. After 10 weeks of DMH, no significant difference in either component of lipid fluidity appeared to exist between distal DMH-treated and control membranes or their liposomes. Despite this latter finding, certain compositional differences were noted between the two distal membranes. The DMH-treated membranes had higher methyltransferase activity as well as a greater molar ratio of sphingomyelin/lecithin. This elevated ratio was secondary to an increased sphingomyelin content in the DMH membranes. Theoretically, the former difference might produce an increase in fluidity while the latter difference should result in a decrease in the fluidity of DMH-treated membranes (46, 51) . In that no difference in fluidity could be detected, however, this data suggests that these differences either did not influence the lipid fluidity or served to offset each other, thereby, maintaining a relatively similar fluidity in both distal membranes.
Brush border membranes and liposomes prepared from distal colonocytes of animals which had received DMH for 15 wk had a lower dynamic component of fluidity than control prepara- tions. These membranes again had increased methyltransferase activity and a higher molar ratio ofsphingomyelin/lecithin. Additionally, they were now found to possess a higher saturation index than control membranes. This difference should lead to a decrease in the fluidity of DMH-treated membranes relative to their control counterparts (50, 52) , which agrees with the present findings. The higher saturation index in treated membranes was due to a decrease in arachidonic acid (20:4) compared to control values. Although the mechanism(s) responsible for these membrane fatty acid differences are presently unclear, further studies should prove interesting in that arachidonic acid is a precursor ofprostaglandins and prostacyclin (PGI2), substances previously shown to influence cellular proliferation (55) (56) (57) . These alterations noted in the dynamic component offluidity and lipid composition of DMH-treated membranes and liposomes were restricted to the distal segment of the rat large intestine. This is particularly interesting in view of the marked predilection for the development of tumors in this colonic segment in animals treated with DMH (4, 8, 58) . The specific reason(s) that underlie this increased propensity to develop distal neoplasms in this cancer model remain unclear (8) . This feature, taken together with the present data, however, suggests that the distal membrane alterations noted may more likely reflect the malignant transformation process itself than any effect of the drug per se.
Chemical carcinogenesis in this rat colon adenocarcinoma model, as in humans, appears to represent a multistage process (59, 60) . Although speculative, the present data would suggest that alterations in the lipid fluidity and composition of plasma membranes of colonocytes may play a role in the early stage(s) of the malignant transformation process. Additional factor(s) would then be necessary for the development of carcinoma in certain of these cells. Further studies in this animal model of colon adenocarcinoma should elucidate the cellular mechanisms responsible for the membrane alteration noted in the present experiments as well as clarify their functional significance.
